Plasma opening switch (POS) experiments were conducted on the Hawk generator using an inverse pinch plasma source to inject a hydrogen plasma. Using a combination of interferometry, current measurements, and spectroscopic observations, it is shown that the conduction phase is characterized by the propagation of a current channel through the switch region that pushes a significant fraction of the plasma mass downstream, past the load edge of the switch. The data indicate that the current channel arrives at the load edge of the switch Ϸ550 ns into the 950-ns-long conduction phase, in agreement with calculations based on J ϫ B displacement. Previously published POS experiments, using multispecies plasmas, observed that a relatively small fraction of the injected plasma mass propagated downstream and that the conduction phase ended soon after the current channel reached the load edge of the switch. It is suggested that the observed differences between these two types of switches involves the separation of ionic species subject to a magnetic force, where the light-ion plasma is pushed ahead of the magnetic field front and the heavier-ion plasma is penetrated by the field. Species-separation effects may be important in a multispecies POS but would be negligible in this almost pure ͑Ͼ95% ͒ proton-plasma experiment. While the important role of the plasma composition in pulsed magnetic field plasma interactions has been pointed out in previous experimental studies, this work demonstrates that the plasma composition can have a significant effect on the conduction time of a POS.
I. INTRODUCTION
The plasma opening switch (POS) (Ref. 1) has been extensively investigated for over two decades. It uses an injected plasma to conduct current from a high-voltage pulsedpower generator for time scales ranging from tens of nanoseconds 2 up to a microsecond, [3] [4] [5] [6] then open on faster time scales to increase the peak power capabilities of the generator. An important area of research related to plasma opening switches involves understanding the relationship between the injected plasma parameters and the duration of the conduction phase. 5, 7, 8 This relationship will depend on the physical interaction between a pulsed magnetic field and plasma. Various mechanisms have been proposed which govern the conduction phase that are based on different physics. For opening switches with significantly shorter conduction times ͑ϳ100 ns͒ and lower plasma densities ͑Ͻ10 14 cm −3 ͒ than our experiment, the conduction phase was found to be characterized by fast magnetic field (current) penetration into the plasma. [9] [10] [11] In recent experiments, the explanation for the field penetration was based on the Hallfield effect, 10, 11 using previously developed electron magnetohydrodynamic (EMHD) theory. 12 For our POS, as well as similar opening switches with conduction times of several hundreds of nanoseconds to a microsecond (longconduction-time POS) and plasma densities greater than 10 15 cm −3 , the penetration rate of the field into the plasma by Hall mechanisms is expected to be small compared to the rate of J ϫ B displacement of the switch plasma. 7 In this regime, EMHD effects may be important during the latter stages of the conduction phase or the opening phase, 13 when lower plasma densities are typically observed, but can be neglected when considering the scaling of the conduction phase. 7, 14 The magnetohydrodynamic (MHD) conductionscaling relationship has been discussed by numerous authors, [5] [6] [7] [8] 15 as a means to predict the duration of the conduction phase for cases where J ϫ B displacement dominates. It considers the axial acceleration of a snowplow, or equivalently the plasma center of mass, subject to the J ϫ B force where the conduction phase ends soon after the plasma current reaches the load end of the plasma pre-fill region. 5, 7 According to this scaling relationship, the switch conduction time is based on the mass of the injected plasma, the generator current profile, and the switch geometry. 5, 7, 8 It should be noted that these relationships were found to agree with experiments, 5, 7 and the conduction phase was observed to end soon after the current-channel reached the load edge of the switch.
Plasma sources commonly used for long-conductiontime plasma opening switches, such as flashboards and cable-guns, [17] [18] [19] produce plasmas whose mass is dominated by carbon or a mixture of carbon and fluorine ions, respectively. 20, 21 This pre-fill plasma also contains a significant fraction of protons that may be 20%-65% by number. [21] [22] [23] This paper reports experiments where the conduction phase of a POS was investigated using a plasma composed of at least 95% protons by number. Ananjin et al. investigated a POS using hydrogen plasma from a coaxial plasma gun, but measurements of the plasma purity, conduction scaling, or density evolution were not reported. 24 For our experiments, the gas-driven inverse pinch (IP) plasma source 25 was used on the Hawk generator at the Naval Research Laboratory with an inductive (shorted) load as shown in Fig. 1 . This generator has been used for numerous POS experiments including scaling experiments with both cableguns and flashboards as plasma sources. 19 In this POS experiment, multichannel time-resolved interferometry and absolutely calibrated spectroscopic observations were used to determine the plasma mass and composition. While we have concluded that the plasma is pushed axially in accordance with MHD calculations, we do not observe load current soon after the plasma current has reached the load edge of the injection region, a result that differs from previously published experimental results. In this experiment we found that over 40% of the conduction phase is characterized by bulk, downstream axial plasma flow, and current convection toward the load. This result is supported by the spectroscopic modeling, anode current probes, and MHD calculations based on the measured plasma mass. The latter part (10%-15%) of the conduction phase is characterized by a steadily decreasing electron density, presumably due to radial motion of plasma, which takes place over a significant portion ͑ϳ1/2͒ of the physical A-K gap. Thus, our switch exhibits aspects of a plasma flow switch (current convection), 26 as well as a POS (density decrease). We suggest that the discrepancy between our results and those of other experiments is due to the high purity of our pre-fill plasma. For our experiment, it is not clear whether field penetration of the heavier-ion plasma component leading to spacial separation of the ionic species occurs. However, even if such separation occurs, it would be a minor effect because of the high purity of the pre-fill plasma. In essentially all other long-conduction-time POS experiments, with significant quantities of both heavier-ion species and protons, speciesseparation effects may be an important physical mechanism and explain the common observation of low-density, currentcarrying axial plasma flow toward the load. In experiments where the plasma composition was determined, the plasma that was observed to flow toward the load (downstream from the injection region) only contained the initial proton fraction of the plasma. [27] [28] [29] [30] We believe that the plasma observed to flow toward the load in other experiments, where the plasma composition was not determined in detail, was also due to the proton component. 19, [31] [32] [33] [34] [35] It should be noted that evidence for species separation has been shown experimentally for a variety of configurations ( pinch, Z pinch) where pulsed magnetic fields push plasmas, 36, 37 and investigated theoretically. 38, 39 However, recent experiments have shown that in a POS species separation is characterized by the simultaneous reflection of the light-ion species plasma and magnetic field penetration of the heavier-ion species plasma, 27, 28, 40, 41 which was not addressed by the earlier publications.
II. MHD POS CONDUCTION-SCALING
The MHD conduction-scaling relationship is applicable to instances where J ϫ B forces dominate the conduction phase physics. The scaling relationship assumes that J ϫ B forces displace the plasma axially until the plasma current reaches the load edge of the pre-fill region, afterward, due to plasma radial motion, a localized low-density region develops where opening can occur. Previous experimental evidence has indicated that the switch opens very soon after the current reaches the load edge of the switch, 16 thus the scaling relationship to predict the duration of the conduction phase (or conduction limit) is based on axial J ϫ B displacement. Under these circumstances the position of the current channel may be described by the snowplow model. 5, 7 The conduction limit is arrived at when the current channel (or snowplow) has propagated a distance L, the length of the pre-fill region; this has been shown to be equivalent to the displacement of the plasma center-of-mass ⌬z by half the switch length. 6 The relationship between the plasma center-of-mass axial displacement and the upstream current I͑t͒ is
where o is the permeability of free space, Z the average ion charge, M the average ion mass, n e the electron density, and r is the radius. To obtain a scaling relationship between the maximum conducted current (the value of I at the end of the conduction phase) and the plasma mass density ͑Mn e / Z͒ from Eq. (1), one must set ⌬z = L / 2 and use a radius where the plasma acceleration is the largest, i.e., where B 2 / n e or 1/n e r 2 is a maximum. It is at this radial location where the current channel is predicted to reach the load edge of the switch first. Experimentally, the onset of load current is typically used to delimit the end of the conduction phase. 
III. EXPERIMENTAL DETAILS AND DIAGNOSTICS
The data reported in this paper were obtained during two sets of experiments using the IP plasma source, with H 2 gas, on the Hawk POS as shown in Fig. 1 . During the first set of experiments the scaling of the POS as a function of the injected plasma was investigated while making electron density measurements using a multichannel, time-resolved interferometer. To compare these results with a more standard plasma source, some shots were also taken with a 12-cablegun array using the same anode-cathode geometry. 19 In that case, the plasma was injected radially inward through the anode with a solid cathode. The second set of IP/Hawk experiments concentrated on the spectroscopic observations of impurity carbon emission during the conduction phase. There was a difference in the orientation of the inverse pinch for these two sets of experiments as we will discuss in this section.
The Hawk pulsed-power generator consists of a 1 µF Marx bank that has an output voltage of 640 kV, and stores 230 kJ for a 80 kV charge with an inductance of 600 nH up to the POS. 16 For typical operating conditions, the current pulse shorted at the POS, is sinusoidal with a peak value of 750 kA and a 1.2-µs quarter cycle time. The IP plasma source was mounted inside the cathode whose outer radius was 6.33 cm. The plasma entered the switch via a 5-cm-long 85% transparent section of the cathode that contained 18 apertures. The anode was solid and had a inner radius of 8.57 cm. The anode was shorted to the cathode at z = 33 cm with the center of the POS injection region at z = 0. The POS-to-load inductance in this configuration was 20 nH. To measure currents downstream from the switch, three sets of current probes were used. They were located on the outer conductor (anode) at z coordinates 6.3, 22, and 32 cm as shown in Fig.  1 . At each axial location there were two probes separated by 180°. The vacuum system consisted of an oil diffusion pump with a typical operating pressure of 5 ϫ 10 −5 Torr. The IP is a gas driven plasma source that is essentially the inverse of a conventional gas puff Z pinch. 25 The source was operated by pulsing a fast-acting gas-valve that was followed, 325-400 µs later, by a capacitive discharge that initiated plasma formation. The H 2 pressure in the gas-valve ranged from 100 to 800 psi (gauge). Figure 2 shows typical generator and load currents for a POS shot using cable-guns and H 2 gas in the IP.
For the experiments reported here, the IP source was operated using delay times (time between start of IP current and generator current) such that the initial electron density distribution was radially uniform and static on the time scale of the conduction phase. This aspect of the IP source was discussed by Moschella and co-workers and results from the fact that the IP produces a radially expanding, annular plasma ring. 25, 42 The entire plasma mass produced by the IP can be injected into the POS in a few microseconds. In the Hawk configuration, the 3.4-3.6 µs delay that was used resulted in an initial plasma distribution that was radially uniform to within ±10% of the average, and remained that way for Ϸ1 s in the absence of a generator discharge. Thus, during the entire conduction phase additional plasma did not enter the POS fill region. Previous measurements with multiple beam interferometry had also shown that the pre-fill plasma electron density had an azimuthal uniformity of ±10% with respect to the average. 43 For the first set of experiments, the IP capacitor bank was located outside the vacuum chamber. The connecting cables were fed inside the cathode with the IP oriented as shown in Fig. 1 , so the gas-valve faced the generator end of the machine. In the second set of experiments, the IP capacitor bank was installed inside the cathode upstream from the switch region. In this case, the orientation of the IP was reversed, and the gas-valve faced the load end of the machine. The diagnostics that were used for both sets of experiments, namely, the interferometer and the current probes, showed no significant differences for these two configurations using a shorted load.
In addition to the current probes, a multichannel, time resolved, heterodyne interferometer was used to measure the line-integrated electron density in the POS. 44 This interferometer used a He-Ne ribbon laser beam that was directed axially through the POS. The detection system consisted of a series of eight detectors that were centered on radial positions from 6.5 to 8.5 cm at equally spaced intervals. Each detector had a diameter of 3 mm, so the interferometer system viewed nearly the entire radial region of the switch. The sensitivity of the interferometer was 1.9ϫ 10 15 electrons/cm −2 (2°phase resolution). For the second set of experiments, two spectroscopic observation channels were added to the diagnostic suite. One such channel is schematically shown in Fig. 1 . Each channel was set to axially view light emission from the plasma at the same radial position, but at different azimuths. Data were obtained for three radial positions, one near the cathode, one near the anode, and one centered between the two electrodes. The emitted light was coupled via lenses to UV-grade 20-mlong fiber optic cables. Each fiber was fed into a monochromator located in a shielded room, and photomultiplier tubes were used to detect the light. One of the monochromators was a 0.25-m UV-grade Acton VM502 with a spectral resolution of 5.6 Å, while the other was a 0.5-m visible light Jarrell-Ash 82-010 with a spectral resolution of 7.2 Å. Each of the monochromators was set to view the entire line in question, and care was taken to make sure that nearby lines FIG. 2 . Typical generator and load currents for the hydrogen POS and cable-gun POS. The anode-cathode geometry was identical for both shots.
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Characterization of the conduction phase … Phys. Plasmas 12, 023102 (2005) did not corrupt the signal. Both spectroscopic channels were absolutely calibrated using a tungsten filament lamp with a NIST traceable absolute calibration and a UV deuterium lamp with a relative intensity calibration. The latter was used to extend the absolute calibration into the UV range using the region where the two lamps overlap (4000-4500 Å).
To investigate the possibility that neutral gas from the IP gas-valve was present in the switch region, we used an ultrasensitive interferometer to make gas measurements. 45 This interferometer has a sensitivity of 10 −5 waves, and could measure H 2 line-integrated gas densities lower than 10 15 cm −2 . These observations took place in a test bed, with the IP mounted inside a cylinder with an identical geometry to the actual POS cathode. Figure 3 shows the maximum conducted current in the POS as a function of the initial average electron density. This density was obtained by averaging the line integrated density from all eight of the interferometer channels over the 5-cmlong pre-fill region at t = 0. Each data point represents one shot (11 total). The initial density was controlled by varying the gas-valve pressure. The solid lines show the predicted scaling relationship for several different ion mass-to-charge ratios ͑M / Z͒. These curves were obtained by applying Eq.
IV. OBSERVATIONS AND ANALYSIS

A. POS results using a hydrogen plasma
(1) with r equal to the cathode radius, n e equal to the initial electron density, ⌬z = L / 2, and using a sinusoidal approximation to the Hawk current wave form. It is clear that the data do not match very well to the predicted result for a pure hydrogen plasma ͑M / Z =1͒.
An examination of the interferometry data during the conduction phase clearly indicates that the initial POS plasma could not have been fully ionized hydrogen. Figure 4 displays some of these data on a shot where the conducted current was 600 kA. Part (a) shows the average electron density as a function of time for channels 2, 4, and 6, corresponding to radial positions 6.8, 7.4, and 7.9 cm, respectively. Only three channels are shown in this plot to avoid confusion. This figure shows the general behavior of the plasma that first enters the gap at −2.6 s and becomes evenly distributed in a radial sense at t = 0. In each case, shortly after the start of conduction, the density was observed to increase on all the interferometer channels. This is followed later by a sharp decrease near the end of the conduction phase to levels below the sensitivity limit of the instrument on many of the channels. In general, the decrease observed near the end of the conduction phase shown in Fig.  4 (a) was observed on channels 1-7. Figure 4(b) shows data from the same shot as a plot of the average electron density as a function of radius at five different times. The key observation from this figure is that early into the conduction phase ͑t ϳ 0.25 s͒, the electron density is higher on all the interferometer channels. This indicates that an ionization process of either neutral hydrogen or impurity ions has taken place.
The interferometry data can also be used to calculate the total electron inventory by performing a radial integral over the eight channels and assuming azimuthal symmetry. Figure  5 shows the results of this calculation using the data from Fig. 4 . This plot shows that the electron inventory remains constant prior to the initiation of the generator current, reflecting statements previously made about the nature of the IP plasma. However, about 0.1 µs after the generator current starts, the electron inventory starts to rise, in this case the total increase was 40%. This type of calculation was carried out for all the shots shown in Fig. 3 with qualitatively similar results. 
B. Neutral gas measurements
To investigate the possibility that neutral hydrogen gas from the gas-valve was present in the POS region at times of interest, we used an ultrasensitive interferometer to measure gas densities directly. 45 The IP was fielded in a test chamber using a geometry identical to the POS anode and cathode. In this test, only the IP gas-valve was operated, thus there was no plasma produced by the IP. The laser beam was aligned using an axial line-of-sight at a position corresponding to the middle of the A-K gap. Figure 6 shows the result from this measurement, where the H 2 gas density is plotted as a function of time. In this case, t = 0 corresponds to the initiation of the gas-valve trigger and the shaded region corresponds to gas-valve delays used for the IP/ POS experiments. It is clear that a significant amount of gas was detected in the POS gap at times of interest. We did not measure the radial distribution of this gas; however, to estimate the impact on the electron inventory we can assume that the measurement in the radial center corresponds to an average density throughout the region. Such an estimate indicates that complete ionization of the hydrogen gas would provide enough electrons to explain the increase in the inventory.
C. Observations of impurity ion emission from the POS
Spectroscopic diagnostics were used to investigate the possibility that nonproton impurities were present in the POS plasma. Ionization of impurities may have contributed to the increase in the electron inventory and need to be taken into account to accurately determine the plasma mass. Previous studies of impurities in similar vacuum systems have shown that molecules such as H 2 , H 2 O, CO, CO 2 , and C n H m are common surface contaminants at 10 −5 Torr. 46, 47 Some contaminants may be desorbed by the IP plasma that first contacts the anode surface at −2.6 s, which is ample time for mixing with the pre-fill plasma by the time the generator current starts at t = 0. For the spectroscopic observations, the IP parameters were adjusted to produce conduction times near 0.90 µs. The average conduction time was 918± 36 ns for the 33 shots for which calibrated spectroscopic data were recorded. We were able to observe both UV and visible lines for CII (2837 & 4237 Å), CIII (2297 & 4650 Å), and CIV (2524 & 4658 Å). Figure 7 shows examples of CIV (2524 Å) and CIII (2297 Å) impurity emission in parts (a) and (b), respectively. Also shown are the generator and load currents for each shot. Figure 7 illustrates the features common to all the emitted light observations, namely that there is no signal for t Ͻ 0, an abrupt rise in the signal in the 0.4 to 0.5 µs range, and a significant decrease in the light level at about 0.6 µs. These 
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Characterization 2005) observations are consistent with a low initial electron temperature with carbon present at t = 0, followed by an increase in electron temperature due to generator current flow. The second emission peak shown in Fig. 7 was an inconsistent feature that was observed either late in the conduction phase or after current had been transferred to the load. It is most likely due to carbon, desorbed by the POS current, which enters the line-of-sight behind the current channel. Thus, these carbon ions were not present in the pre-fill plasma.
D. Model for the spectroscopic observations
To determine the quantity of carbon in the plasma, a simple model for the POS was used in conjunction with time-dependent collisional-radiative calculations to predict the carbon line emission and compare with the data. The collisional-radiative carbon model used for the CI-CIV system has been described in detail in previous publications. 48, 21 The calculations take into account collisional and radiative rates for the carbon system that depend on the electron density and temperature. For our specific case, CI was not considered because it ionizes very quickly at the electron densities and temperatures of interest. Figure 8 shows a schematic of a simplified POS model, where the initial plasma fills the switch uniformly from z =−L /2 to z = L / 2 as shown in part (a) with L = 5 cm. It was assumed that the carbon was axially uniform. The initial electron temperature was taken to be 2 eV and was based on previous measurements where the pre-fill plasma conditions were investigated spectroscopically and interferometrically. 43 This electron temperature is also consistent with the lack of observable carbon emission prior to the start of the generator current. A time during the conduction phase shown in Fig.  8(b) , where the current front has propagated a distance D from the generator edge with a velocity z . In this model, the effect of the current front propagation is to increase the electron temperature, thus regions behind the channel have an elevated T e compared to the undisturbed plasma. All ionization and radiative processes occur where the electron temperature is higher. The model neglects radial plasma motion and axial compression.
The input parameters used for the calculations include the electron density, the electron temperature, the carbon density, and the charge distribution of the initial carbon. The measured time-dependent average electron density was used with the collisional-radiative code. The quantity of carbon was adjusted by varying the flux of carbon ͑⌫ c ͒ into the plasma in the frame of the channel. The rate at which carbon enters the channel is a function of the channel velocity in the laboratory frame, and the density of carbon in the pre-fill plasma.
Using an iterative approach, the electron temperature profile and the carbon flux into the channel were varied while matching the predicted emission to the data as best as possible. We found that the best results were obtained when the initial carbon was only CII. The optical emission data were reasonably well fitted using simple time-dependent functions for T e and ⌫ c . Concerning the electron temperature T e , it is known that it rises considerably at the current channel and that the electron energy distribution becomes non-Maxwellian. 50, 51 In our case T e reached peak values of between 10 and 20 eV. We found that the only way to reasonably fit the data was to assume a carbon injection rate that was proportional to t 4 during the first half of the conduction phase. This implies that the current front is accelerating through the POS pre-fill region. The dotted lines in Fig. 7 show examples of acceptable solutions for two of the lines that were measured. Figure 9 shows the total carbon introduced into the current channel (time integral of ⌫ c ).
There are two important implications of the spectroscopic modeling results. The first is that the overall level of carbon impurity ions is a small percentage of the average initial electron density with a carbon fraction of slightly less than 1%. Because no procedures were employed to clean the electrode surfaces, the low carbon concentration is an indi- cation that protons from the IP plasma are inefficient sputtering ions. When Ar, an efficient sputtering ion, was used in the IP during experiments with a similar POS and vacuum system, the measured carbon concentration was high (exceeding that of argon) using the same spectroscopic techniques. 52 The second implication of the spectroscopic modeling is that the current channel reaches the load edge of the plasma pre-fill region at about 0.55 µs. The modeling shows that at these densities and electron temperatures, the current channel quickly ionizes unexcited carbon to mostly CIV while emission from CII and CIII is sustained only when unexcited carbon is encountered by the current channel, i.e., while the injection rate of carbon into the channel is high. Thus, the decrease in emission observed in the 0.5-0.6 µs range for CII and CIII can only occur if the rate of carbon entering the channel drops, which is what we would expect to happen at the load edge of the switch. Another consequence of the high ionization rates is that we cannot determine with our spectroscopic model if the carbon is pushed downstream with the protons, or left behind the current channel in the switch region. We also note that at 0.55 µs the plasma electron density is close to, or greater than, its initial values justifying our neglect of radial plasma motion for these calculations. Analysis of the data from three radial positions, near the cathode, near the anode, and in the radial center, were qualitatively the same with regards to the time dependency and quantity of carbon.
We investigated the effect of plasma compression due to axial motion. There is experimental evidence that plasma density compression does occur in a long-conduction-time POS. 15, 21, 29, 49 This effect was investigated by assuming that the plasma was compressed into a channel width of 2.5 cm with the density a factor of 2 higher to conserve the particle inventory. The impact of this on the spectroscopic analysis was a slight reduction in the peak electron temperature and 18% more injected carbon. A compression of the plasma to 1.25 cm resulted in an additional 20% carbon. Thus, the inclusion of plasma compression does little to alter our most important results or our conclusions.
Given the fact that carbon impurities were observed in the POS, we can reasonably assume that oxygen impurities were also present as many of the common surface contaminants also contain oxygen. It is clear from the literature that both carbon and oxygen are likely present and their relative proportions depend on the specific vacuum system. 47, 53 For our purposes we will assume that there is an equal amount of oxygen.
V. DISCUSSION: CONDUCTION SCALING IMPLICATIONS
A. Determining the total plasma mass
To determine if the conduction-scaling data for the IP/ Hawk POS agrees with the predicted scaling based on Eq.
(1) with ⌬z = L / 2, we must make a more careful determination of the total plasma mass injected into the switch by taking into account two additional sources. The first comes from heavier impurity ions of carbon and oxygen that may have been desorbed from the interior switch surfaces by contact with the IP plasma 2.6 µs before initiation of the generator current. The second source is neutral hydrogen gas from the IP gas valve. This gas may coexist with the initially cold ͑T e Ͻ 2 eV͒ pre-fill plasma but would be ionized later during the Hawk current discharge due to a rise in T e . Our spectroscopic analysis has shown that a by-product of current flow through the plasma is a considerable rise in the plasma electron temperature up to the 10-20 eV range. An increase in T e from 2 to 10 eV reduces the mean electron impact ionization time for hydrogen from 20 µs to 33 ns for electron densities of 5 ϫ 10 15 cm −3 . 54 We can account for these additional sources of plasma mass by using the results of the spectroscopic model for the density of carbon ions, using the reasonable assumption of an oxygen concentration similar to that of carbon, and then attribute the additional electrons observed by the interferometry to the ionization of hydrogen and the carbon/oxygen impurities.
Let us consider the interferometric data from channel 2 in Fig. 4(a) where the electron density increases by 30%. This corresponds to a radial position close to the cathode where, because B 2 / n e is maximum, the plasma acceleration is the largest. Based on the spectroscopic analysis, we set an upper limit on the carbon concentration of 1% of the initial electron density and assume that there is also 1% oxygen. Furthermore, we can expect approximately two electrons to be removed from each impurity ion by the time the current reaches the load edge of the switch. The ionization of these impurities would account for a 4% increase in the electron inventory. We will assume that the remaining 26% comes from ionization of neutral hydrogen. In this example, we find that the plasma mass is about a factor of 1.5 greater than by assuming the initial plasma was a pure proton plasma. Despite these reasonable adjustments to the plasma mass the results are still not in agreement with the predicted scaling [Eq. (1)].
To help explain the apparent discrepancy, the results of the spectroscopic analysis need to be examined in more detail. In particular, the plot showing the total carbon injected into the current channel (Fig. 9) indicates that an abrupt change in the rate of increase occurred around 550 ns into the discharge. This change in the injected carbon rate was the only reasonable way to model the decrease in the optical emission characteristic of all our observations. It is important to point out that while the optical emission dramatically decreased at this time the electron density did not as Fig. 4(b) shows. A similar result for the injected carbon rate was also observed for the near-cathode and near-anode radial positions. The injection rate decrease implies that the current channel no longer encounters significant amounts of unexcited carbon after 550 ns, which is what we would expect if the current had reached the load edge of the switch.
Using a more accurate plasma mass in Eq.
(1), we find that the predicted time for the current channel to reach the load edge ͑z = L /2͒ in the radial center agrees with the spectroscopic result. Using the conditions under which the optical emission data was observed (initial n e =5ϫ 10 15 cm −3 , 1% C and O impurities, n e increasing by 40%), Eq. (1) was applied in the radial center ͑r = 7.4 cm͒ with ⌬z = L / 2. Under these conditions Eq. (1) predicts that the current channel arrives at the load edge in 0.56 µs, very close to the value suggested by the spectroscopic analysis.
B. Extension of the conduction phase due to downstream plasma flow
If we examine the axially averaged electron density distribution at 0.65 µs [see Fig. 4(b) ], then it is clear that although the density has begun to decrease, a significant density drop has not occurred. Only in the 0.85-0.95 µs range do we see density measurements that show low values near or at the sensitivity limit of the interferometer. The density data shown in Fig. 4(b) , together with our previous conclusion regarding the propagation of the current, imply that most of the plasma is pushed downstream with the density steadily decreasing during this time presumably due to radial plasma motion.
Further evidence to support this picture can be obtained by examining the anode current probe signals from I1E and I1W. These are the probes closest to the POS on Hawk located 3.8 cm from the downstream edge of the switch. Typical anode probe signals from the 1, 2, and 3, locations are shown in Fig. 10(a) . Although it is clear the 1 probes are most likely shielded by plasma, and thus do not have the same magnitudes as the 2 and 3 probes, we suggest to use them as a timing marker to indicate the arrival of the current in order to compare the data to that predicted by Eq. (1) . The arrival time of the current at the probe location was determined in a systematic way by extrapolating the linearly rising portion of each signal to zero current as shown by the dotted line in Fig. 10(a) . For most shots, the arrival times from the I1W and I1E probes were averaged with the exception of four shots where one of the two probe signals was severely shielded. For all shots shown in Fig. 3 we determined an arrival time at the probe 1 location. Because the probes were mounted on the anode, a comparison of the arrival data with Eq. (1) must use the mass density near the anode. Based on previous parallel geometry POS experiments where detailed, axially localized density data near the electrode surface was reported, we expect a stationary anode surface plasma to exist. 15, 49 Therefore, we choose to use the density information from channel 7 at r = 8.1 cm to calculate the mass density and employ the same guidelines as before, i.e., assume 1% of the initial electron density is C + and O + ions while calculating the additional electrons that evolve during the conduction phase and attribute these to the ionization of impurities and hydrogen gas. The result is that for all 11 shots we were able to compile an estimate of the injected plasma mass density and the arrival time of the POS current 3.8 cm downstream ͑z = 6.3 cm͒ from the load edge of the switch. While it is unclear if species separation occurs in our switch, it should be noted that if such effects do occur, the mass that is pushed downstream would only include the proton mass fraction. Depending on the amount of hydrogen ionization observed on a given shot, the proton mass fraction is in the 80%-90% range. This dataset, using both the total plasma mass and the proton mass, was compared to the predicted arrival time at the probe 1 location by applying Eq. (1) with the center-ofmass displacement ⌬z = 6.3 cm and r = 8.1 cm. Figure 11 is a plot of the arrival time at probe 1 vs the injected mass density. Figure 11 shows that the data and Eq. (1) agree reasonably well, and lends support to the overall picture of bulk downstream plasma propagation in this switch. Thus, our results show that the conduction phase is accurately described by MHD physics where the upstream magnetic field pushes the injected plasma in a snowplowlike manner. 
C. Comparison to POS experiments using cable-guns or flashboards
There are two major differences between the set of experiments reported in this paper and other long-conductiontime POS experiments. The first is that the density evolution near the end of the conduction phase is quite different. In this experiment, we have consistently observed the density, on at least four or five of the eight interferometer channels, decrease to values below the sensitivity limit of the diagnostic. Experiments using cable-guns and flashboards, including cable-gun observations using this geometry on Hawk, would typically show only one interferometer channel where such a low density was observed. 19 Other POS experiments where axial interferometry was employed also showed only localized low-density regions using both cable-guns and flashboards. 16, 19, 55 The second major difference is that our data do not show the onset of load current occurring soon after the plasma current has reached the load edge of the plasma pre-fill region. We found that for conduction times of 0.9 µs the plasma current reaches the load edge of the pre-fill region in about 0.55 µs. Commisso et al., using B-dot loops on a 0.9 µs conduction time switch with flashboard sources, reported the onset of load current Ϸ100 ns after the current channel reached the load edge of the switch using a similar POS-to-load distance. 16 To the best of our knowledge the plasma composition in our experiment is very different compared with all other published experiments where conduction phase physics has been investigated. The aforementioned experiments all used multispecies plasma sources where the plasma mass was dominated by carbon, in the case of flashboards, or carbon and fluorine, in the case of cable-guns. These plasma sources are also likely to inject significant amounts of protons that may be in the range of 20%-65% by number. Weingarten et al., 27, 28 showed experimentally that ion separation occurred in a short conduction time opening switch with approximately 80% protons and 20% carbon by number. Their results indicated that, during the POS conduction, the light-ion (proton) plasma was pushed in front of the current sheet while the heavier-ion (carbon) plasma lagged behind the magnetic field. Tsigutkin et al. 29 and Arad et al. 41 showed similar ion separation in a planar microsecond conductiontime POS with Ϸ60% protons and 40% carbon by number. Because of the small fraction of carbon observed in our plasma, such effects, if they occurred, are negligible (see Fig.  11 ).
Following suggestions made by Weber et al., 33 we propose that these differences are due to the separation of ionic components that result from a magnetic field pushing on a multispecies plasma. As discussed by Weingarten, Arad, and Maron, species separation in POS experiments is characterized by the simultaneous magnetic field (current) penetration of the heavier-ion plasma, while the light-ion plasma is pushed ahead of the field with momentum imparted to both components. 28 The physical basis of the separation process involves the space charge electric field created by the J ϫ B force. Separation can occur in a collisionless plasma if, in the frame of the current channel, the potential hill associated with this electric field is smaller than the nonprotonic ion kinetic energy and larger than the proton kinetic energy. Then we expect the heavier ions to climb the hill as they are left behind the current channel, while the protons are reflected from the channel. Let us assume that ion-separation processes are a characteristic of a long-conduction-time POS using cable-gun or flashboard plasma sources. Then, when the current reaches the load edge of the pre-fill region, the magnetic field continues to only push the light-ion component. Thus, in the absence of significant radial light-ion motion, one would expect the lighter species to be accelerated into the downstream region while convecting current toward the load. The fraction of the conduction phase that is characterized by this downstream flow will depend on the relative masses of the light-ion and heavier-ion components, with this phase becoming longer as fraction of the total mass associated with the light-ions increases. In a situation where the plasma mass is dominated by the light-ion component (our case), the scenario outlined above would predict that nearly the entire plasma is pushed past the load edge, with relatively little plasma remaining in the pre-fill region. Our analysis shows that over 75% of the plasma mass is pushed downstream with the downstream flow taking up over 40% of the conduction phase, and interferometry measurements show that very little plasma is observed after current is transferred to the load, which lends support to both these predictions. For the case of a mixture of protons and carbon/ fluorine ions (flashboard/cable-gun sources), with the mass dominated by the heavier species (92% for a 50/ 50 mix of protons and carbon), the separation model would predict that significant quantities of plasma would be left in the switch region (heavier ions), while a low mass plasma (protons) is pushed past the pre-fill region. The downstream pushing in this case would proceed very rapidly, due to the low mass fraction of the light-ion component, and represent a small portion of the total conduction phase. There is support for these predictions in the literature. Propagation of plasmas downstream from the injection region has been seen in experiments where it was known that the propagating plasma was the proton component of the pre-fill plasma, with the proton component a lower fraction than the present experiment. 10, [28] [29] [30] 41 In many other experiments using a long-conduction-time POS where the proton fraction was not known, a fast moving plasma component propagating downstream of the POS has been observed. 23, [31] [32] [33] 35 In all these cases the fraction of the conduction phase characterized by downstream current flow was small. Furthermore, in experiments where interferometry measurements have been reported, they have shown that significant quantities of plasma remain in the A-K gap after opening. 19 The currents measured near the load (Fig. 10) provide clues about the plasma reaching the load region. The initial rise of the probe signals at the 2 and 3 locations (z = 20 and 30 cm, respectively) are separated in time. Later, the 2 and 3 probe signals meet at a current less than the generator current. The two signals then increase together and approach the generator current. This behavior is the same as would be produced by an axially propagating current channel with current I P Ͻ I G , moving past the probe locations with velocity .
After the current channel passes the probes, the load current continues to increase because the remaining generator current is flowing through the "opened POS," producing voltage that drives current through the inductive load. The velocity of the current channel can be estimated from the axial distance between the 2 and 3 probes (10 cm) divided by the difference in the signal timings. For the IP POS [ Fig. 10(a) ], the velocity is about 1.0 cm/ ns, while for the cable-gun POS [ Fig. 10(b) ] the velocity is greater, about 1.6 cm/ ns. The current in the channel is approximately the value where the 2 and 3 probe signals meet, about 400 kA for the IP POS and 300 kA for the cable-gun POS. The force on the current channel (while the load current is zero) is proportional to I P 2 . The force is smaller for the cable-gun case, but the velocity is larger, therefore the current-channel mass is less than the IP case. This qualitative difference is consistent with species separation. Only a small mass fraction of the multispecies cable-gun plasma (presumably protons) is accelerated ahead of the heavier species, while for the IP plasma, if species separation occurs it would be a negligible effect, and a larger fraction of the injected plasma will move downstream.
VI. CONCLUSIONS
Our experimental results indicate that the plasma composition may play a big role in determining how the plasma opening switch functions and, more generally, they suggest that the plasma composition is an important consideration in cases where pulsed magnetic fields push plasmas. In this experiment where a POS with a greater than 95% proton plasma is used, we have shown that the plasma is pushed in accordance with MHD physics and the conduction phase is characterized by the acceleration of a large fraction of the injected plasma mass past the load edge of the switch. Furthermore, over 40% of the conduction phase is characterized by current flow in a plasma channel moving downstream from the pre-fill region. This behavior is very different from previous long-conduction-time POS experiments using multispecies plasmas where the switch opens soon after the current has reached the load edge of the pre-fill region. One explanation for these differences is the possibility that ionic components of different mass physically separate when being pushed by a magnetic field, with the heavy component being penetrated by the magnetic field while the lighter component continues to be pushed by the field. This could be a significant effect when using flashboard or cable-gun sources that contain mixtures of light-ion (protons) and heavier-ion (carbon/fluorine) species. For multicomponent plasmas the species-separation scenario implies that observed plasma remaining in the switch region during opening is due to the heavy-ion component. It would also explain the observation in multicomponent POS experiments that the downstream plasma is characterized by a relatively fast-moving low mass front. These two general characteristics of flashboard/cablegun driven opening switches were not observed when a relatively pure hydrogen plasma was used in this experiment.
In comparing the flashboard/cable-gun POS to the IP/ H 2 POS, the evidence suggests that the IP/ H 2 POS is far more effective in removing plasma from the switch region. However, this is at the expense of plasma flow and current convection downstream which is a characteristic of a plasma flow switch. 26 The IP/ H 2 POS may therefore be most effectively applied to situations where the load starts out as a short circuit, such as in a Z pinch. If the downstream plasma can be effectively removed from the transmission line, then one can consider using diode loads. It may be possible to combine the IP/ H 2 POS with an electrode structure designed to terminate the downstream plasma flow such as the "catchers mitt" concept investigated by Thompson et al. 35 In the absence of such a structure, the parameters of the translating plasma may determine the optimum location of diode or plasma radiation source loads for efficient energy coupling.
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